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C. elegansThe let-7 family of microRNAs (miRNAs) are important regulators of developmental timing and cell
differentiation and are often misexpressed in human cancer. In C. elegans, let-7 controls cell fate transitions
from larval stage 4 (L4) to adulthood by post-transcriptionally down-regulating lineage-abnormal 41 (lin-41)
and hunchback-like 1 (hbl-1). Primary let-7 (pri-let-7) transcripts are up-regulated in the L3, yet little is
known about what controls this transcriptional up-regulation. We sought factors that either turn on let-7
transcription or keep it repressed until the correct time. Here we report that one of let-7's targets, the
transcription factor Hunchback-like 1 (HBL-1), is responsible for inhibiting the transcription of let-7 in
speciﬁc tissues until the L3. hbl-1 is a known developmental timing regulator and inhibits adult development
in larval stages. Therefore, one important function of HBL-1 in maintaining larval stage fates is inhibition of
let-7. Indeed, our results reveal let-7 as the ﬁrst known target of the HBL-1 transcription factor in C. elegans
and suggest a negative feedback loop mechanism for let-7 and HBL-1 regulation.
© 2009 Elsevier Inc. All rights reserved.Introduction
MicroRNAs (miRNAs) are a class of 22 nucleotide (nt), single-
stranded RNA molecules that control many biological processes
including, development, cellular differentiation, cell signaling, life
span, metabolism and apoptosis (Kloosterman and Plasterk, 2006;
Stefani and Slack, 2008). MiRNAs post-transcriptionally regulate
their messenger RNA (mRNA) targets by binding with imperfect
complementarity to sites in their 3′ untranslated regions (UTRs).
While miRNAs generally act as negative regulators of their targets'
translation, recent evidence has also documented positive effects
(Vasudevan et al., 2007, 2008).
The ﬁrst two miRNAs identiﬁed, lin-4 and let-7, were originally
found in C. elegans (Lee et al., 1993; Reinhart et al., 2000). These two
genes are important components of the heterochronic pathway in C.
elegans. The heterochronic pathway regulates the timing of C. elegans
development through four larval stages and into adulthood (Moss,
2007). Mutations in heterochronic genes can lead to accelerated
(precocious) or delayed (retarded) development (Moss, 2007). let-7's
role in the pathway is to promote the transition from larval stage 4
(L4) to adulthood by down-regulating at least two targets lin-41 and
hbl-1 (Abrahante et al., 2003; Lin et al., 2003; Reinhart et al., 2000).
Consistently, let-7 loss-of-function (lf) mutants exhibit retarded
phenotypes, speciﬁcally a well-characterized delay in the formationl rights reserved.of adult seam cell fates and alae (Ambros, 1989; Reinhart et al., 2000).
Alae are ridges on the cuticle of the animal that are secreted by a
population of stem-cell like cells called seam cells as C. elegans
transition from the L4 stage to adulthood (Ambros, 1989). In let-7
mutants, the seam cells undergo an additional cycle of cell division
before they terminally differentiate and produce alae (Reinhart et al.,
2000). let-7was the ﬁrst miRNA shown to be highly conserved from C.
elegans to humans (Pasquinelli et al., 2000). In humans, let-7 is
involved in cellular differentiation and cell cycle regulation. Reduced
levels of let-7 have been observed in several types of cancer (Esquela-
Kerscher and Slack, 2006; Kloosterman and Plasterk, 2006; Shi et al.,
2008; Stefani and Slack, 2008).
Understanding what regulates the expression of miRNAs is
important in developmental biology and medicine since they regulate
many areas of development in different phyla (Stefani and Slack, 2008)
and are implicated as factors in several cancers (Esquela-Kerscher and
Slack, 2006). Some aspects of miRNA biogenesis and regulation have
been elucidated in recent years. MiRNA genes are found in intergenic
and intronic regions of the genome and can be mono- or polycistronic
(Baskerville and Bartel, 2005; Rodriguez et al., 2004). The majority of
miRNA genes are ﬁrst transcribed by RNA polymerase II resulting in
primary miRNAs transcripts (pri-miRNA). Like protein-coding targets
of RNA Pol II, pri-miRNAs are polyadenylated and 5′-methyl G-capped
(Bracht et al., 2004; Lee et al., 2004). Pri-miRNAs are processed into
pre-miRNAs in the nucleus by the Microprocessor complex (Denli
et al., 2004; Gregoryet al., 2004). The pre-miRNAs are then exported to
the cytoplasm by Exportin 5where they are further processed by Dicer
into mature miRNAs (Bohnsack et al., 2004; Yi et al., 2003).
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regulates speciﬁc miRNAs. In humans, regulation of let-7 expression
has only begun to be examined. It has been shown that one of the
transcription factors controlling let-7 expression is MYC (Chang
et al., 2008, 2009; Sampson et al., 2007). However, there is growing
evidence that the temporal expression of let-7 in humans is
regulated post-transcriptionally by LIN28, a gene known to be
involved in maintaining stem-cell identity (Heo et al., 2008;
Newman et al., 2008; Piskounova et al., 2008; Rybak et al., 2008;
Viswanathan et al., 2008). Human LIN28 is the homolog of C. elegans
lin-28, which is also a component of the heterochronic pathway in C.
elegans (Ambros, 1989). The involvement of LIN28 in let-7 matura-
tion and cellular development suggests the possibility that other
members of the C. elegans heterochronic pathway could play a role
in these same processes.
In C. elegans, little is known about the regulation of let-7 (Roush
and Slack, 2008). Three pri-miRNAs transcripts have been detected in
C. elegans by RT-PCR beginning at larval stage 3 (L3) (Bracht et al.,
2004). One of these transcripts has the spliced leader 1 sequence
(SL1) at its 5′ end, and it is assumed that this transcript is formed from
the trans-splicing of the longer transcripts to the SL1 sequence (Bracht
et al., 2004). One cis-acting transcriptional regulatory element, called
the temporal regulatory element (TRE), that begins ~1289 nt
upstream of the mature let-7 has also been identiﬁed (Fig. 1A). This
116 nt element is needed for the activation of let-7 transcription at the
correct developmental time in the seam cells of C. elegans. The TRE is
also speciﬁcally bound by an unidentiﬁed TRE binding protein
designated TREB (Johnson et al., 2003).
We show in the present study that another heterochronic gene,
Hunchback-like 1 (HBL-1), acts to transcriptionally inhibit the
temporal expression of its regulator, let-7. C. elegans HBL-1 is a Cys2-
His2, zinc-ﬁnger transcription factor homologous to the segmentation
gene Hunchback (Hb) of Drosophila melanogaster, where it regulates
the development of the syncytial embryo (Fay et al., 1999; Lehmann
and Nusslein-Volhard, 1987; Struhl et al., 1992) and the temporal
identity of neuroblasts (Isshiki et al., 2001; Pearson and Doe, 2003). It
has been proposed that at low concentrations Hb acts as an activator,
while at high concentrations it acts as an inhibitor of the transcription
of its regulatory targets (Schulz and Tautz, 1994). In C. elegans, hbl-1
acts to inhibit the precocious expression of later fates during the L2 to
L3 transition and also the L4 to adult transition. At both of these
developmental transitions, hbl-1 must be down-regulated by let-7 or
other let-7 miRNA family members for the animal to continue
developing normally (Abbott et al., 2005; Abrahante et al., 2003; Lin
et al., 2003). From the Drosophila research, several Hb targets have
been identiﬁed and a consensus binding site has been elucidated
(Hoch et al., 1991; Qian et al., 1991; Small et al., 1991; Stanojevic et al.,
1989,1991; Treisman and Desplan,1989; Zuo et al., 1991). However, no
direct transcriptional target has as yet been identiﬁed for this critical
developmental regulator in C. elegans. Here we provide evidence that
let-7 is a transcriptional target of HBL-1 and that together they
function in a negative feedback loop to control timing of cell fate
during development.
Materials and methods
Promoter alignments and binding site identiﬁcation
let-7 promoter regions starting 2 kb upstream to the mature let-7
sequence were obtained from C. elegans, C. remanei, C. briggsae and C.
brenneri (Harris, 2009) (www.wormbase.org). The sequences were
aligned using MegAlign from DNASTAR Lasergene. The promoter
region was run through the TESS program database (Schug, 1997)
(www.cbil.upenn.edu/cgi-bin/tess/tess) from the University of Penn-
sylvania for identiﬁcation of potential transcription factor binding
sites.Strain construction and analysis
Δ3hbl-1::gfp was ampliﬁed using overlap PCR from the let-7::gfp
plasmid (pSJ11) (Johnson et al., 2003) using LET7SMJ2 (5′
GGTACCCTCCCTCTTTTAAGCCTG 3′) and HBLD1 (5′ CCCAGTTCCCTCC-
TAGATATGACCTGTGCAACGGCTAG 3′) to amplify the ﬁrst half of the
construct and HBLD2 (5′ CTAGCCGTTGCACAGGTCATATCTAGGAGG-
GAACTGGG 3′) and GFP-2C (5′ GGAAACAGTTATGTTTGGTATATTGGG
3′) to amplify the second half. The two PCR products were then used
as the templates for the ﬁnal PCR that deleted a 62 bp region. The
primers used for the ﬁnal PCR were LET7SMJ2 and GFP-2C. The
puriﬁed PCR product was injected at 50 ng/μl with 10 ng/μl myo-2::
DsRED2 as an injection marker.
The let-7 Rescue Fragment was ampliﬁed from pSK+ let-7 plasmid
(Reinhart et al., 2000) using LET7SMJ2 and PSKDOWN (5′
CCGCGGTGGCGGCCGCTCTAG 3′). The puriﬁed PCR product was
injected at 4 ng/μl with 15 ng/μl myo-2::gfp as an injection marker.
Δhbl-1 Rescue Fragment was ampliﬁed using overlap PCR from
pSK+ let-7 plasmid using LET7SMJ2 and HBLD1 to amplify the ﬁrst
half of the construct and HBLD2 and PSKDOWN to amplify the
second half. The two PCR products were then used as the templates
for the ﬁnal PCR that deleted a 62 bp region. The primers used for
the ﬁnal PCR were LET7SMJ2 and PSKDOWN The puriﬁed PCR
product was injected at 4 ng/μl with 15 ng/μl myo-2::gfp injection
marker.
For each strain, at least 30 animals of each stage were scored.
RNAi experiments
Larval stage 4 let-7::gfp (zaEx5) C. elegans were placed on plates
containing HT115 E. coli bacteria expressing empty vector (pL4440)
RNAi (Kamath et al., 2003; Timmons et al., 2001) or a mix of 1:1
empty vector to hbl-1(RNAi) from the Ahringer RNAi library. The
mixed RNAi was called 50% hbl-1(RNAi). These animals were allowed
to grow overnight and to begin laying eggs on the RNAi plates. The
gravid C. elegans were transferred to new RNAi plates leaving their
progeny behind every 2 h to obtain staged progeny. At least 30
animals were scored at each larval stage for both pL4440 and 50%
hbl-1(RNAi).
Wild-type (N2) C. elegans grown on RNAi for protein extraction
were ﬁrst placed on the RNAi as synchronized L4 animals and grown
overnight. Eggs from these gravid animals were isolated the next day
and immediately plated on the RNAi bacteria.
Mixed staged C. elegans whole-cell extracts
Packed, mixed staged N2, hbl-1(mg285), or 50% hbl-1(RNAi) C.
elegans were snap frozen in T+120 buffer (Tris–HCl, pH 7.5, 120 mM
NaCl, 1% glycerol, 1 mM DTT, 0.01% Igepal, 1× Roche Complete
protease inhibitors, 0.5 mM EDTA). Two times the packed C. elegans
volume of T+120 was added to a thawed C. elegans pellet, which
was then incubated for 20 min on ice with intermittent vortexing. C.
elegans were homogenized using a motorized mortar and pestle for
30 s to 1 min on ice. Extract was spun at 16,000 g for 20 min at 4 °C.
The supernatant was transferred to a polycarbonate centrifuge tube
and spun at 100,000 g at 4 °C for 1 h. The resulting supernatant from
this spin was snap frozen and stored at −80 °C.
Electrophoretic mobility shift assays
For wild-type, mutant and RNAi extracts: in 10 μl reactions, 0.5 μg
of whole-cell extract was pre-incubated for 10 min at room
temperature in Tris–HCl binding buffer (10 mM Tris–HCl pH 7.5, 4%
glycerol, 1 mM MgCl2, 0.5 mM EDTA, 0.5 mM DTT, 50 mM NaCl) with
0.3 μg poly dI•dC as non-speciﬁc competitor. Two fmol of radiolabeled
probe were added and the reaction mixture was incubated for 60 min
Fig. 1. The let-7 promoter contains a 62 bp region of high conservation wherein lie three putative HBL-1 binding sites. (A) Schematic of the C. elegans let-7 promoter showing the
positions of TRE and putative HBL-1 binding sites. Red box: Temporal Regulatory Region (TRE); blue box: 62 bp region containing putative HBL-1 binding sites (HBL-1); yellow box:
mature let-7. (B) Sequence alignment of region containing putative HBL-1 binding sites in the let-7 promoter from 4 nematode species. Green outlines the 62 bp element. Potential
HBL-1 binding sites are underlined in blue. These sites do show variation with the Drosophila melanogaster Hunchback consensus binding site. (C) Drosophila melanogaster
Hunchback consensus binding site from the TESS database (Schug, 1997).
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into a 7.5% TBE gel. The gel was run at 150 V/10 mA at 4 °C until the
bromophenol blue in marker lanes was near the bottom of the gel. A
phosphoimager plate was exposed to dried gels overnight and
visualized using a Storm Phosphoimager.
Cold competition assays were performed as above but with a
pre-incubation of 5 min followed by the inclusion of unlabeled
wild-type or mutant probes at 20, 100, or 200 fmol (10×, 50×, or
100×) and incubation for another 5 min before adding radiolabeled
probes.RNA extraction and qRT-PCR
L2 and L3 staged N2, hbl-1(ve18) and hbl-1(mg285) C. eleganswere
obtained by isolating eggs from gravid adults and then immediately
plating the eggs onto bacteria. The C. elegans were collected and
washed 3 times in excess M9 buffer and then were snap frozen and
stored at −80 °C. RNA was extracted from thawed C. elegans pellets
using Ambion's PARIS kit. The RNA was DNAse treated following the
manufacturer's protocol using Ambion's DNA-free kit. cDNA was
produced from 2 μg of RNA using random hexamer primers and
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manufacturer's protocol. 1 μl of RNAse H treated cDNA was used to
amplify and quantitate SL1-spliced pri-let-7 in a 10 μl qPCR reaction
using Roche Diagnostic's LightCycler 480 DNA SYBRGreen I Master kit.
eft-2 was used as a control gene. Primers used in the SL1-spliced pri-
let-7 qPCR were A92 (5′ GGTTTAATTACCCAAGTTTGAGgcaa 3′) and
A102 (5′ CTTCGAAGAGTTCTGTCTCC 3′). Primers used in the eft-2
qPCR were 158 (5′ TGCCCAGAAGCCGCCGTTGGAG 3′) and 159 (5′
CGGTGTTGGAGCGGAGATCGGCGG 3′). The ratio of the fold changewas
calculated using an equation from Pfafﬂ (2001).
The same RNA samples used to measure pri-let-7 were used to
measure mature let-7 levels. From 10 ng of total RNA, let-7 and an
internal control, U18, were measured using Applied Biosystems'
TaqMan MicroRNA Assay following the manufacturer's protocol.
Applied Biosystems' hsa-let-7a and U18 probes were used in the
assay. The ratio of the fold change was calculated using an equation
from Pfafﬂ (2001).
Results
Deletion of putative hbl-1 sites in the let-7 promoter leads to precocious
let-7::gfp expression
To look for potential transcription factor binding sites in the let-7
gene, we aligned the region ~1.8 kb upstream of the mature let-7
sequence from four Caenorhabditis species. The alignment revealed a
region of high conservation ~1149 nt upstream of the mature let-7
sequence (Figs. 1A and B). When this sequence was computationally
analyzed using the TESS transcription factor database (Schug, 1997)
(www.cbil.upenn.edu/cgi-bin/tess/tess), a 62 bp region containing 3
highly conserved, putative hunchback binding sites was identiﬁed
(Figs. 1B and C) (Hoch et al., 1991; Qian et al., 1991; Small et al., 1991;
Stanojevic et al., 1989, 1991; Treisman and Desplan, 1989; Zuo et al.,
1991). These sites begin ~18 nt downstream of the previously
identiﬁed TRE element in the promoter, which was responsible for
the activation of GFP expression in the seam cells in a let-7 promoter
driven reporter strain, let-7::gfp(zaEx5) (Fig. 1A) (Johnson et al.,
2003). To examine if this potential Hb/HBL-1 consensus region was
involved in regulating let-7 transcription, the putative HBL-1 sites
were deleted from the let-7::gfp reporter construct to create Δhbl-1::
gfp. This new reporter was injected into C. elegans and three
independent transgenic lines were generated. In the wild-type
reporter strain, three tissues exhibited temporally expressed let-7::
gfp: seam cells, vulval precursor cells (VPCs), and the hypodermal
syncytium 7 (hyp7) (Johnson et al., 2003). Therefore, these tissues
were examined for changes in temporal GFP expression in Δhbl-1::gfp
lines (Fig. 2). Deletion of the HBL-1 sites consistently led to precocious
GFP expression in the seam cells and VPCs starting in larval stage 1
(L1) compared to starting in the mid-larval stage 3 (mL3) as with the
wild-type promoter (Figs. 2A–J). In the hyp7, GFP expression was
abnormally high in larval stages, contrary to the repression normally
observed in the wild-type reporter strain (Figs. 2K–O). These trends
were observed in all three independent lines. Precocious and
sustained let-7::gfp expression upon deletion of this region suggests
that one or more inhibitory regulatory element(s) exists within this
62 bp region.Fig. 2. Deletion of the 62 bp region from the let-7::gfp transcriptional reporter causes precoc
stage. (A) GFP is expressed precociously in the seam cells of animals where the 62 bp elem
let-7::gfp animal showing that there is no GFP expression in the seam cells. (C) Nomarski
animal showing expression in the seam cells, as indicated by arrows. (E) Nomarski DIC im
VPCs of Δhbl-1::gfp animals. (G) GFP image of an L2 let-7::gfp animal showing that there
animal in (G). (I) GFP image of an L2 Δhbl-1::gfp animal showing expression in the VPCs, a
(K) GFP expression persists in later larval stages in Δhbl-1::gfp animals. (L) GFP image of a
while there is expression in the seam cells, indicated by asterisks. (M) Nomarski DIC image
Δhbl-1::gfp animal showing expression in the hyp7, as indicated by brackets. Asterisks indic
in the transgenic line. (O) Nomarski DIC image showing the stage of the animal in (N). SDeletion of putative hbl-1 sites from the let-7 rescue fragment causes
precocious alae formation
To test whether this region was biologically important, the 62 bp
region was deleted from the let-7 construct that rescued the let-7
retarded alae and lethal mutant phenotypes (Reinhart et al., 2000).
Alae are cuticular structures that form along the sides of the animal as
it develops from the late L4 stage (lL4) into adulthood. In let-7(lf)
mutants, alae formation is delayed until after the animal has passed
into adulthood. Injection of the rescue fragment into wild-type C.
elegans resulted in some precocious alae developing before the L4 to
adult transition (Abrahante et al., 2003; Hayes and Ruvkun, 2006;
Reinhart et al., 2000), and a construct that had the lin-4 promoter
driving early let-7 expression also showed a high level of precocious
alae (Hayes and Ruvkun, 2006). When the rescuing DNA containing
the deletion and wild-type sequence were each injected at the same
concentration into wild-type animals, there was a signiﬁcantly higher
formation of precocious alae in the early L4 (eL4) in lines containing
the deletion construct (Figs. 3A–E). As observed in previous studies
(Abrahante et al., 2003; Lin et al., 2003), depletion of hbl-1 function
led to precocious alae formation in eL4 (Figs. 3F and G). This increase
in precocious alae expression indicates that this region contains
biologically relevant, cis-acting regulatory elements and we propose
that they correspond to HBL-1 binding sites.
Reduced HBL-1 activity causes precocious let-7::gfp expression
In order to test the requirement of HBL-1 activity for the
establishment of the proper temporal pattern of let-7 expression,
the let-7::gfp reporter line was crossed into the hbl-1 loss-of-function
mutant, hbl-1(ve18), or subjected to hbl-1(RNAi). The RNAi was a
mixture of 50% hbl-1(RNAi) vector and 50% empty RNAi vector, which
diluted the effect of the RNAi allowing for a higher percentage of
animals to survive and easier staging of the animals for analysis. We
predicted that if HBL-1 is needed for inhibition of let-7 expression,
then reduced HBL-1 function should lead to precocious let-7::gfp
expression in transgenic animals.
Similar to the reporter with the putative HBL-1 binding sites
removed, reduction of HBL-1 by either the mutant allele or 50% hbl-1
(RNAi) led to precocious expression of the let-7::gfp in the seam cells
and the VPCs and persistence of GFP expression in the hyp7 (Fig. 4). In
the seam cells of let-7::gfp; hbl-1(ve18) animals, increased precocious
expression was observed at all larval stages, including L1 (Figs. 4A, D
and E) compared towild-type controls. A greater proportion of animals
with precocious GFP expression in the L1 stage is seen in the seam cells
when the reporter strain was grown on 50% hbl-1(RNAi) compared to
the crosswith the hbl-1mutant (Figs. 4A, F and G). In the VPCs of let-7::
gfp; hbl-1(ve18) and let-7::gfp; 50% hbl-1(RNAi) animals, there was a
small proportion of animals with precocious GFP expression in the L2
and L1, respectively (Fig. 4H). However, most of the precocious
expression is observed in the eL3 stage (Figs. 4H–N). Both let-7::gfp;
hbl-1(ve18) and let-7::gfp; 50% hbl-1(RNAi) animals exhibited persis-
tent GFP expression in the hyp7 (Figs. 4O, P–U). The precocious and
heightened expression, similar to the expression seen in Δhbl-1::gfp
indicates that HBL-1may be involved in inhibiting transcription of let-7
through a 62 bp region containing predicted HBL-1 binding sites.ious and sustained GFP expression in transgenic lines. (A, F, K) n≥30 animals for each
ent has been deleted from the reporter construct (Δhbl-1::gfp). (B) GFP image of an L1
DIC image showing the stage of the animal in (B). (D) GFP image of an L1 Δhbl-1::gfp
age showing the stage of the animal in (D). (F) GFP is expressed precociously in the
is no GFP expression in the VPCs. (H) Nomarski DIC image showing the stage of the
s indicated by arrows. (J) Nomarski DIC image showing the stage of the animal in (I).
n mL3 let-7::gfp animal showing no GFP expression in the hyp7, indicated by brackets,
showing the stage of the animal in (L). (N) GFP and Nomarski DIC images of an mL3
ate seam cells. Lack of GFP expression in all of the seam cells may be due to mosaicism
cale bars all represent 20 μm. Anterior is left and dorsal is top on all images.
Fig. 3. Deletion of the 62 bp region from the let-7 rescue fragment causes an increase in precocious alae expression. (A) At the eL4 stage, wild-type (N2) animals do not express alae, while wild-type animals injected with the wild-type rescue
fragment express precocious alae at a low level. Signiﬁcantly more wild-type animals injected with a rescue fragment that has the 62 bp region deleted show precocious alae. n≥30 for each strain. Three independent lines were analyzed for
each construct. (B) Nomarski DIC images of wild-type eL4 C. elegans showing that no alae are expressed. (C) Nomarski DIC image showing the stage of the animal in (B). (D) Nomarski DIC images of wild-type eL4 C. elegans injected with the
let-7 rescue fragment which has the 62 bp region deleted showing precociously expressed alae. Arrows indicate alae. (E) Nomarski DIC image showing the stage of the animal in (D). (F)Wild-type eL4 animal fed 50% hbl-1(RNAi)which shows
precocious alae formation similar to precocious alae seen in C. elegans injected with the 62 bp deleted rescue fragment. Arrows indicate alae. Precocious alae in hbl-1(lf) has previously been identiﬁed in other studies (Abrahante et al., 2003;
Lin et al., 2003). (G) Nomarski DIC image showing the stage of the animal in (F). Scale bars all represent 20 μm. Anterior is left and dorsal is top on all images.
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Fig. 4. Reduced HBL-1 activity causes precocious and sustained let-7::gfp expression similar toΔhbl1::gfp. (A, H, O) n≥30 animals for each stage. (A)When let-7::gfp is crossedwith the hbl-1(ve18) loss-of-functionmutant or grown on 50% hbl-1
(RNAi), there is precociousΔhbl1::gfp expression in the seam cells beginning in L1. (B) GFP image of an L2 let-7::gfp animal showing that there is no GFP expression in the seam cells. (C) Nomarski DIC image showing the stage of the animal in (B).
(D)GFP image of an L2 let-7::gfp;hbl-1(ve18) animal showing expression in the seam cells, as indicated by arrows. (E) Nomarski DIC image showing the stage of the animal in (D). (F) GFP image of an L2 let-7::gfp; 50% hbl-1(RNAi) animal showing
expression in the seam cells, as indicated by arrows. (G) Nomarski DIC image showing the stage of the animal in (F). (H)When let-7::gfp is crossed with the hbl-1(ve18) loss-of-function mutant or grown on 50% hbl-1(RNAi), there is precocious
let-7::gfp expression in the VPCs beginning in L2 or eL3, respectively. (I) GFP image of an eL3 let-7::gfp animal showing that there is no GFP expression in theVPCs. (I) Nomarski DIC image showing the stage of the animal in (J). (K) GFP image of an
eL3 let-7::gfp;hbl-1(ve18) animal showing expression in the VPCs, as indicated by arrows. (L) Nomarski DIC image showing the stage of the animal in (K). (M) GFP image of an eL3 let-7::gfp; 50% hbl-1(RNAi) animal showing expression in the
VPCs, as indicated by arrows. (N) Nomarski DIC image showing the stage of the animal in (M). (O) let-7::gfp expression is sustained in the hyp7 in a higher proportion of animals through later larval stages in hbl-1(ve18) loss-of-function mutant
or grown on 50% hbl-1(RNAi). It is unknownwhy there is an increase in GFP detected between let-7::gfp C. elegans fed wild-type bacteria versus bacteria expressing the RNAi empty vector, L4440. Importantly, the same pattern of increased GFP
detectionwas seenwhen hbl-1 levels were reduced bymutation or RNAi. (P) GFP image of anmL3 let-7::gfp animal showing no GFP expression in the hyp7, indicated by brackets, while there is expression in the seam cells, indicated by asterisks.
(Q) Nomarski DIC image showing the stage of the animal in (P). (R, S) GFP image of an mL3 let-7::gfp;hbl-1(ve18) animal showing expression in the hyp7, as indicated by brackets. Seam cells are indicated by asterisks. (S) Nomarski DIC image
showing the stage of the animal in (R). (T) GFP image of anmL3 let-7::gfp; 50% hbl-1(RNAi) animal showing expression in the hyp7, as indicated by brackets. Seam cells are indicated by asterisks. (U) Nomarski DIC image showing the stage of the
animal in (T). Scale bars all represent 20 μm. Anterior is left and dorsal is top on all images.
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Fig. 5. Levels of SL1-spliced pri-let-7 and mature let-7 are increased in hbl-1 loss-of-
function mutants when measured by qRT-PCR. (A) The amount of SL1-spliced pri-let-7
during the L2 stage was signiﬁcantly increased by approximately 75% in the hbl-1(ve18)
mutant. The hbl-1(mg285) mutant also showed an increase in the amount of SL1-
spliced pri-let-7 present in the L2 stage, but this value was not signiﬁcant. The SL1-
spliced pri-let-7 levels in the hbl-1mutants return to levels similar to those detected in
wild-type C. elegans during the L3 stage. The standard deviations are shown. (B) Levels
of mature let-7 are signiﬁcantly increased by approximately 2-fold during the L3 stage
in the hbl-1(ve18) mutant. The increase in let-7 in hbl-1(ve18) in the L2 stage is not
statistically signiﬁcant. The standard deviations are shown. Paired t-tests were used to
measure statistical signiﬁcance. Three technical replicates from two independent
biological replicates were assayed for each column in Fig. 5.
531S.F. Roush, F.J. Slack / Developmental Biology 334 (2009) 523–534We speculate that the more penetrant alteration of GFP expression
that we observed in the lines containing the deleted cis-region from
let-7::gfp compared to the hbl-1 mutants may be due to the fact that
both hbl-1(ve18) and 50% hbl-1(RNAi) result in only partial loss-of-
function of hbl-1 and not complete abolition. Residual or partially
active HBL-1 may be able to maintain some transcriptional inhibition,
whereas the removal of the cis-elements from the promoter of the
reporter prevented any HBL-1 binding. The null hbl-1mutant was not
used because it is embryonic lethal (National BioResource Program –
C. elegans, Japan, unpublished). Nevertheless, the trends observed in
the hbl-1(lf) experiments are consistent with the data from Δhbl-1::
gfp experiments.
pri-let-7 and mature let-7 levels are increased with hbl-1
loss-of-function
Previous work measuring mature let-7 levels from extracts from
the entire body of C. elegans using northern blot analysis showed little
effect of the weak hbl-1(mg285) mutation on mature let-7 levels (Lin
et al., 2003). However, as our new evidence reveals, there are tissue
speciﬁc changes in pri-let-7 transcription when HBL-1 activity is
decreased. We therefore decided to examine pri-let-7 and mature let-
7 levels in hbl-1 loss-of-function mutants. Pri-let-7 levels were
measured to more accurately monitor changes in transcription, in
contrast to earlier work that only examined mature let-7 levels (Lin
et al., 2003). Since C. elegans pri-let-7 is not detectable by northern
blot analysis (Bracht et al., 2004), we used qRT-PCR to measure the
levels of SL1-spliced pri-let-7 and mature let-7. SL1-spliced pri-let-7
wasmeasured because it is thought to be the form of pri-let-7 that will
be processed by Drosha to pre-let-7 (Bracht et al., 2004). The two
other pri-let-7 forms are spliced to the SL1 form (Bracht et al., 2004),
and so it was assumed that any functional version of these two would
be converted to the SL-1 pri-let-7, thus allowing us to measure both
forms at once. Using qRT-PCR, we found that pri-let-7 levels are
increased at an early larval stage when there is a reduction of HBL-1
activity due to gene mutation (Fig. 5A). Speciﬁcally, pri-let-7 levels in
hbl-1(ve18) were signiﬁcantly increased by ~75% (Fig. 5A) in the L2
stage. While the pri-let-7 levels in hbl-1(mg285) were increased on
average by ~25%, this increase was not statistically signiﬁcant
(Fig. 5A). These modest increases in the amount of pri-let-7 detected
are consistent with our observations with the GFP transcriptional
reporter showing only a few tissues with changes in pri-let-7
transcription. The increase in pri-let-7 levels combined with pre-
cocious expression of the let-7 transcriptional reporter indicate that
HBL-1 acts to inhibit let-7 transcription.
When mature let-7 expressionwas measured by qRT-PCR, levels of
let-7 were also signiﬁcantly increased 2-fold in hbl-1(ve18) mutants,
however this increase was only statistically signiﬁcant in the L3 stage
(Fig. 5B). The increased mature levels in L3 but not in L2 may
represent the processing time from pri-let-7 to mature let-7.
Consistent with our previous study (Lin et al., 2003), we did not
detect increased mature let-7 levels in hbl-1(mg285) mutants.
The putative HBL-1 sites are speciﬁcally bound by a protein found in
wild-type C. elegans cell extract
Electrophoretic mobility shift assays (EMSAs) were used to
determine if the 62 bp region was speciﬁcally bound by a trans-
factor in C. elegans whole-cell extract. We found an activity that
shifted a radiolabeled 62 nt probe (Figs. 6A and B, lanes 1–2). By
contrast, a probe with site-speciﬁc mutations predicted to disrupt
the HBL-1 binding sites did not cause the same shift as the wild-type
sequence probe (Figs. 6A and B, lanes 3–4). Competition EMSAs were
used to show that the binding is speciﬁc to the wild-type probe. The
wild-type shift can be competed away with increasing amounts of
non-radiolabeled, wild-type probe (Fig. 6B, lanes 5–8). However, thenon-radiolabeled mutant probe was unable to compete away the
shift created with the wild-type probe (Fig. 6B, lanes 9–12), thus
showing that the shift seen in the EMSA was speciﬁc to the wild-
type probe and that the putative HBL-1 binding sites were needed
for this shift.
When protein extracts from hbl-1 loss-of-function mutants, ve18
and mg285, or animals grown on 50% hbl-1(RNAi) were used in
EMSAs, the loss of hbl-1 caused a signiﬁcant decrease (26% for hbl-1
(ve18),p=0.0026; 41% for hbl-1(mg285), p=0.0008; 37% for 50%
hbl-1(RNAi), pb0.0001) in the amount of shift observed (Fig. 6C).
Since these extracts were not from null alleles, it is not surprising that
there was not a complete loss of the shift. In fact, the hbl-1(ve18) and
hbl-1(mg285)mutants are still predicted to have at least some of their
zinc-ﬁnger domains intact (Abrahante et al., 2003; Lin et al., 2003)
The 50% RNAi was also not expected to have a complete loss of shift
since RNAi does not cause 100% loss of a protein and the RNAi used in
these experiments was diluted to decrease the effect of the RNAi.
Interestingly, using a diluted hbl-1(RNAi) led to a similar decrease in
levels of probe shifted as the partial loss-of-function hbl-1 mutants
suggesting that using 50% hbl-1(RNAi) phenocopies the partial loss-
of-function mutants.
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We identiﬁed a region in the C. elegans let-7 promoter that is
conserved in other nematode species and contains potential HBL-1
binding sites. This region was shown to be important for inhibition of
expression of a reporter construct driven by the let-7 promoter in theFig. 6. A probe using the 62 bp region containing putative HBL-1 binding sites is speciﬁcally
decreased when extracts from hbl-1 loss-of-function mutants and 50% hbl-1(RNAi) are use
mutant probe indicate the mutations and location of potential HBL-1 sites. (B) Lanes 1–4, t
elegans protein extract. Lanes 5–8, increasing amount of non-radiolabeled, wild-type probe (
Lanes 9–12, increasing amounts of non-radiolabeled mutant probe cannot compete away w
and 50% hbl-1(RNAi), have a signiﬁcant decrease in the amount of probe shifted. n=5, a reearly larval stages. Removal of this region from the let-7 rescue
construct leads to precocious alae formation, thus indicating that the
deleted region has biological importance. Reduction of hbl-1 activity
leads to similar precocious reporter expression and precocious alae
formation. Reduction of hbl-1 also leads to an increase in the levels of
pri-let-7 and mature let-7 when measured by qRT-PCR. Furthermore,shifted in EMSAs by wild-type C. elegans protein extracts, and this shift is signiﬁcantly
d. (A) Wild-type and mutant probe sequences used in EMSAs. Boxed sequences in the
he wild-type probe, but not a probe with mutated HBL-1 binding sites, is shifted by C.
10, 50 and 100× greater than labeled probe) can compete away the labeled probe's shift.
ild-type probe's shift. (C) EMSAs using protein extracts from hbl-1(ve18), hbl-1(mg285)
presentative gel is shown. Paired t-tests were used to measure statistical signiﬁcance.
533S.F. Roush, F.J. Slack / Developmental Biology 334 (2009) 523–534this element is speciﬁcally bound by a protein in C. elegans cell extract
in an EMSA. The amount of probe shifted in the EMSA is signiﬁcantly
decreased when hbl-1 loss-of-function extracts are used. Taken
together, the data presented in this study strongly suggest that
HBL-1 is the transcription factor that inhibits let-7 expression in early
larval stages and that it does so by binding a 62 bp transcriptional
regulatory region in its promoter. An alternative explanation of the
data is that HBL-1 affects some other transcription factor with similar
binding sites to itself.
The results presented here indicate that let-7's target in the
ventral cord neurons and anterior nerve ring, HBL-1 (Abrahante et al.,
2003; Lin et al., 2003) acts to transcriptionally inhibit the expression
of let-7 in the hypodermis of C. elegans. This inhibition helps to
control the expression of let-7 in tissues where let-7 has a temporally
regulated expression pattern. This control ensures that let-7 is
expressed at the correct transition times for normal progression of
cell fates into the later larval stages and adulthood. The evidence
suggests that HBL-1 directly binds to the let-7 promoter, and we
propose that let-7 is thus the ﬁrst transcriptional target identiﬁed for
HBL-1 in C. elegans. Furthermore, the data presented here combined
with that in previous studies present an interesting model for
temporal regulation in the hypodermis where let-7 family members
mir-48, -84, and -241 down-regulate hbl-1 in the L3 stage, which
then removes HBL-1's transcriptional inhibition of another family
member, let-7 (Abbott et al., 2005). As let-7 is expressed, it then
promotes the transition from L4 to adulthood in the hypodermis
(Reinhart et al., 2000).
hbl-1 is transcribed in the seam cells, but one complication in this
model is the report, using a hbl-1p::gfp::hbl-1 reporter construct,
that hbl-1 expression decreases after the middle of the L1 stage
(Abbott et al., 2005; Abrahante et al., 2003; Fay et al., 1999; Lin et al.,
2003), at least 1 stage before let-7 is expressed in seam cells. One
possibility is that some additional protein, for example one binding
to the TRE, is also required for full let-7 expression. However, there is
evidence that HBL-1 functions in seam cells after the L1 stage to
regulate division of the seam cells at the L2 to L3 transition (Abbott
et al., 2005; Abrahante et al., 2003; Fay et al., 1999). This evidence
suggests that there is HBL-1 protein present in seam cells, which is
not accurately revealed by the transcriptional reporter. Alternatively,
since HBL-1 is expressed into the L3 stage in the hyp7 (Abbott et al.,
2005; Abrahante et al., 2003; Lin et al., 2003), it has also been
proposed that HBL-1 can act non-cell autonomously from the hyp7
to affect the seam cells and vulval precursor cells (Abbott et al.,
2005; Abrahante et al., 2003; Fay et al., 1999).
hbl-1 inhibiting let-7 transcription could explain the mixed
heterochronic phenotypes of hbl-1 and why loss of hbl-1will partially
suppress let-7 hypodermal phenotypes even though let-7 does not
appear to regulate hbl-1 in the hypodermis (Abrahante et al., 2003;
Lin et al., 2003). Our research indicates that let-7 and hbl-1 could
regulate each other through a negative feedback loop mechanism,
which has been proposed as a mechanism for other miRNAs and their
targets (Johnston and Hobert, 2005; Martinez et al., 2008), to control
later larval development. Higher levels of let-7 earlier in development
seen in the hbl-1 mutants could explain the precocious alae
phenotype seen here and perhaps in the transgenic lines expressing
the let-7 rescue fragment with the putative HBL-1 binding sites
deleted (Fig. 3).
Our data also provides a genetic connection between the earlier
and later stages of the heterochronic gene pathway. hbl-1 is down-
regulated in early larval stages in hyp-7 by let-7 family members in
what is referred to as the “early timer” (Abbott et al., 2005) and is
again down-regulated in neurons at late larval stages by let-7 itself
(Abrahante et al., 2003; Lin et al., 2003) as part of the “late timer”.
Until now what connected these timers during the L3 stage was
unknown. This work demonstrates that hbl-1 regulation of let-7
expression could be the link between the two timers.The high conservation of the heterochronic gene pathway between
species suggests that HBL-1's transcriptional regulation of let-7 may
be a mechanism utilized in other organisms. In fact, there are several
potential hb binding sites upstream of Drosophila dme-let-7 (data not
shown). Based on the data presented in this study, it would be
interesting to see if HBL-1 and these sites are also important for dme-
let-7 expression.Acknowledgments
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